is observed. The activation parameters for the population of the 3 MC state from the lowest 3 MLCT manifold, as obtained from temperature dependent emission lifetime studies, are reported and their relevance to the observed photochemical behaviour is considered. The results obtained are discussed in relation the analogous pyridine-triazole complexes.
Introduction.
Following the early work of Adamson 1 and others, 2 the investigation of photoinduced processes has developed substantially over the last 50 years. This development was further intensified with the application of ruthenium polypyridyl complexes as dyes for solar cells, 3 oxygen sensors, 4 and as bioprobes 5 and molecular machines and devices, such as molecular wires, motors and switches. 6 Recently these studies have received further interest due to the potential application of polypyridyl compounds in the development of sustainable and environmentally friendly energy such as photocatalytic hydrogen generation 7 and CO 2 reduction. Fig. 1) , which contains a deprotonated pyridine-1,2,4-triazolato ligand is photostable upon irradiation in basic acetone and acetonitrile. This photostability is related to the strong σ-donor capacity of the deprotonated triazole ring that provides for a considerable destabilization of the 3 MC state that has been indentified as being involved in the photochemical activity of ruthenium polypyridyl complexes. 10 Because of the destabilisation this excited state is not populated significant at room temperature. However, for complexes containing protonated or methylated triazole ligands the 3 MC level is stabilised and photolability observed. 11, 12, 13 As a result photoinduced ligand dissociation processes are observed where the triazole ligand is not anionic. For [Ru(bpy) 2 (Hpytr)] 2+ there are two coordination isomers possible where the Hpytr ligand is bound either via the N2 or the N4 nitrogen atom of the triazole ring (Fig. 2) . Irradiation in CH 2 Cl 2 of either the N2 or N4 isomer leads to a photostationary state with a N4:N2 ratio of 4:1 For the analogous pyrazine triazole (Hpztr) based complexes (e.g., Fig. 1 .) photochemically induced ligand isomerisations have not been reported. There have however been extensive photophysical studies 14, 15 that have shown that contrary to that which is observed for the Hpytr based complexes, where the emitting state is bpy based, the lowest energy triplet state in complexes containing the protonated ligand is based on the pyrazine ring.
In this contribution we report the photochemically induced rearrangements observed for the complex [Ru(bpy) 2 (Kodak Carousel S-AV 2020) . Sample heating was prevented using a water filter. The protonation state of the triazole ring of the complexes was controlled by addition of 100 μl triethylamine or trifluoroacetic acid to the 2 mL NMR sample. 
Results and discussion
Both isomers show strong 1 MLCT bands in the visible part of the spectrum as expected.
15c The absorption maxima of both compounds are very similar with a λ max of 440 nm for the N2 isomer and a value of 439 nm for the N2 species. Upon protonation the absorption maxima of the N2 and N4 isomers shift to 456 and 457 nm respectively. Because of the similarity of these values and also in the shape of the absorption spectra can not be used to discriminate between the two isomers.
Irradiation in acetonitrile
The photochemical properties of 1 and 1H were investigated using 1 H NMR spectroscopy and HPLC. Irradiation of the compounds was carried out in both acetonitrile and acetone. The HPLC chromatogram obtained for a mixture of the N2 and N4 isomers is shown in Figure 3 . The N4 isomer is observed to have a retention time of 5.4 min, while the N2 is observed at 6.7 min. The same elution order is observed for the pyridinetriazole analogues (e.g., 2). In contrast to 2, the UV/Vis spectra of the two isomers of 1/1H are almost identical and cannot be used for identification as a result. The two species are identified by their 1 H NMR spectra however. Of most importance for the identification of the nature of the isomer obtained are the 1 H NMR absorptions than can be attributed to the pyrazine and the triazole rings. The pyrazine absorptions appear as a singlet (H3) in the range 9.1-9.5 ppm, while H5 appears at ca. 7.8 ppm and H6 at ca. 8.2 ppm ; the exact location depending on whether the compound is 100 protonated or not. The most indicative feature identifying the isomeric form is the position of the H5 proton of the triazole ring. For the protonated N2 isomer (N22H) this proton is observed at 8.91 ppm and for the deprotonated N2 isomer at 8.0 ppm. For the N4 isomer the corresponding values are at ca. 8.4 and 7.4 ppm respectively. These values were obtained in acetone however and vary substantially depending on the amount of acid added and the water content of the solvent. The rather large difference between the values observed for the H5 protons for the two isomers is related to the through space interaction between these protons and neighbouring bpy ligands especially in the case of the N4 isomer. HPLC and 1 H NMR spectroscopic studies indicate that both isomers of the deprotonated compound 1 are photostable in the presence of the base TEA in acetonitrile and in acetone. This is in agreement with the reported behaviour of compound 2.
11 However, acidification of the solution prior to irradiation allows for photoinduced changes to be observed. The photoinduced changes in acetonitrile monitored by HPLC are shown in Fig. 4 . 2+ by comparison with an authentic sample. The irradiation of N21H in acetonitrile was monitored by 1 H NMR spectroscopy also (Fig. 5) . 1 H NMR spectra show that upon irradiation of both the N2 and the N4 isomers of 1H in acidic acetonitrile results in formation of the same final product, [Ru(bpy) 2 (CH 3 CN) 2 ] 2+ (Fig. 5) , which was confirmed by comparison with the spectrum of an authentic sample. The appearance of a second product with a retention time of 2.2 min (λ max = 472 nm) is observed also. The nature of these species could not be determined unambiguously but may be related to the intermediate observed in the 1 H NMR spectrum 13b Such a species can be formed starting from both 1H isomers and hence the formation of the isomer where the triazole ring is coordinated to the metal centre via the N1 atom of the triazole ligand can not be excluded. 
Irradiation in acetone
The photostability of the protonated complex 1H in acetone was investigated. Surprisingly, irradiation of the N4 isomer of 1H does not result in any observed changes over at least a 2 h period. The N2 isomer, by contrast, shows photoreactivity as illustrated in Fig. 7 . Initally the N2 isomer is observed at a retention time of 7.4 min. After irradiation the N4 isomer is present as the main product with a retention time of 5.6 min. As observed in the 1 H NMR spectra the formation of other minor products is observed also (Fig. 8) . Most indicative for the isomerisation from the N2 to the N4 isomer are the changes observed for the pzH3 peak which changes from 9.63 ppm for the N2 isomer to 9.54 pm. Additionally the peak of the pzH5 shifts from 8.58 pm to 8.61 pm. During irradiation two peaks appear at 9.1 pm and 9.17 pm and disappear in the final spectrum, indicating (as in the HPLC traces, i.e. at 4.2 and 2.0 min) the formation of a small amount of an intermediate. The concentrations of these species are however to low to allow for definitive assignment. 18 in their studies of ruthenium(II) polypyridyl complexes, identified the triplet metal centred ( 3 MC) state as being responsible for the photochemical ligand dissociation observed for these compounds. The state corresponds to population of the antibonding (e g ) orbitals which is accessed at room temperature from the lowest 3 MLCT state manifold. This process is thermally activated and the difference in energy between the 3 MLCT and 3 MC states can be estimated indirectly from the temperature dependence of the emission lifetime. The activation parameters obtained in an ethanol/methanol (4:1) solvent system over the temperature range 150-300 K are shown in Table 1 and are compared with related data for Hpytr based compounds N22 and N42. For example values of the 3 MLCT -3 MC energy gap for 1H complexes are similar to those obtained for their 2H analogues. Table 1 . Activation parameters and kinetic data for ruthenium(II) pyrazine triazole complexes and related pyridine triazole analogues. The temperature dependent lifetime data in the temperature range 150-300 K were analysed by assuming that the excited state decay consists of a temperature independent intrinsic decay from the 3 MLCT state and a single thermally activated non-radiative decay process according to the equation 1:
Where k 77K = k nr + k r (the sum of the temperature independent radiative and non-radiative decays from the 3 MLCT direct to the ground state), A is the preexponential factor and E a is the activation energy for crossing from the 3 MLCT to the 3 MC excited state. k 77K is obtained at 77 K, assumes that k nr and k r are temperature independent above 77 K and that population of the 3 MC states is effectively prevented at 77 K Population of the 3 MC state is a key step in the photochemistry of the protonated pyrazyltriazole complexes. pK a data indicate that triazole is a stronger σ-donor when coordinating via the N2 nitrogen than via the N4 nitrogen. 11,14a Hence for the N2 isomers of 1H and 2H the 3 MC state would be expected to lie higher in energy than the for the corresponding N4 isomers. Consequently the larger activation energy for population of the 3 MC state from the 3 MLCT state is expected to be higher for the N2 isomers compared with the N4 isomers. However, this is not found to be the case, suggesting that population of the 3 MC excited state is not the rate determining step in the photochemistry of the protonated pyrazoletriazole complexes. Instead, the ratedetermining step may be governed by the formation of the monodentate species during the photoisomerisation and the subsequent ground state thermal self-annealing process. This may be related to the difference observed between the N4 and N2 isomers in the deactivation mechanism for the 3 MC state. While the prefactors for the N2 isomers suggest the existence of an equilibrium with the 3 MCLT state, fast deactivation of the 3 MC state is taking place via other pathways.
Conclusions
The aim of this study is to compare the photochemical properties of the [Ru(bpy) 2 14d,e The purpose of this study is therefore to investigate whether the difference in the location of the LUMO/ 3 MLCT state affects the photolability of the complexes. The deprotonated complexes 1 and 2 are both photostable in acetonitrile and acetone. This is not unexpected since the activation parameters (Table 1) 2+ as the final product. Differences are however observed upon photolysis in acetone. As reported earlier photoinduced interconversion of the N2 and N4 isomers of 2H is observed in CH 2 Cl 2 , with a steady-state equilibrium of N4:N2 of 4:1. Upon irradiation of 1H however, it was found that the N4 isomer is photostable while the N2 species isomerises to the N4 species via an intermediate. The results obtained therefore indicate that for these compounds the location of the LUMO in 1H and 2H does not affect the photolytic behaviour fundamentally. The photostability of the N4 isomer of 1H is however an important point but is likely to be associated with the thermal stability of the primary photoproduct, i.e the species that contains a monodentate coordinated ligand.
